The frequency-tagging approach has generally been confined to study low-level sensory processes and always found related activation over the occipital region. Here for the first time, we investigated with it, high-level socio-cognitive functions, i.e. the processing of what other people are looking at which is referred to as level 1 visual perspective taking (VPT). Sixteen participants were presented with visual scenes alternating at 2.5 Hz which were depicting a person and an object in a room, while recording electrophysiological brain activity. The person orientation and object position changed at every stimulus but the person in the room always faced the object, except on every fifth stimulus. We found responses in the electroencephalography (EEG) spectrum exactly at the frequency corresponding to the presentation of the scenes where the person could not see the object, i.e. 0.5 Hz. While the 2.5 Hz stimulation rate response focused on typical medial occipital sites, the specific 0.5 Hz response was found mainly over a centro-parietal region. Besides a robust group effect, these responses were significant and quantifiable for most individual participants. Overall, these observations reveal a clear measure of level 1-VPT representation, highlighting the potential of EEG frequency-tagging to capture high-level socio-cognitive functions in the brain.
Introduction
Consider the visual scene displays shown in Figure 1A : which ones are the odd ones out? Answering this question requires considering not only the position of the person in the scene and the left/ right location of the object in the scene, but the specific relationship between the two: in three of the visual scenes only, the person looks away from the object. The present study uses an original electrophysiological frequency-tagging approach to provide neural evidence for the rapid representation of this relationship between another person and what he or she is looking at, i.e. a basic visual perspective-taking (VPT) ability, without direct contamination by overt responses.
Considering another person's viewpoint plays a fundamental role in our everyday life social interactions. Amongst the various forms of perspective-taking we can engage in, processing what the other person is looking at is particularly important as it provides valuable information to make more complex social inferences, such as inferring what the other person likes, intends to do, or talks about, for example. This basic VPT ability is usually referred to as level 1 VPT [contrary to level 2 VPT which consists in establishing 'how' a stimulus is perceived by someone else (Flavell et al., 1981) ]. Level 1 VPT is one of the earliest developing form of explicit perspective taking in children (Sodian et al., 2007) and it is a perspective-taking ability that higher primates such as chimpanzees might share with humans (Hare et al., 2000) .
Human adults easily represent what another person can see when explicitly instructed to do so. Under certain circumstances, they also do it involuntarily. For example, Samson et al. (2010) asked participants to count how many dots they could see in a visual scene. A human avatar similar to those depicted in Figure 1 was present in the scene and could either see the same amount of dots visible to participants or could only see a subset of the dots. Participants were slowed down and more error prone in judging their own visual perspective when the avatar saw a different amount of dots than themselves (Baker et al., 2015; Furlanetto et al., 2016; Todd et al., 2017) . This observation indicates that participants involuntarily represented what the avatar was seeing. However, in this original paradigm, the signature of level 1 VPT is concomitant to the overt motor response. Isolating a neural marker of VPT that is independent from any motor response would not only be important for understanding better the information processing stages when making unconscious or conscious decisions about what others see, but may open new perspectives for measuring level 1 VPT in populations with immature or deficient decisional processes such as young children, individuals with cognitive deficits or non-human species without extensive training. The present study addresses this issue by developing a new marker of perspective taking. We measured level 1 VPT with scalp electrophysiology, taking advantage of a technique called 'frequency-tagging' or 'fast periodic visual stimulation' (FPVS), in which the process of interest is captured objectively (i.e. at the experimentally defined frequency) in the electroencephalography (EEG) frequency domain by Fourier Transform. Since its original demonstration by Adrian and Matthews (1934) , this approach has essentially been confined to study low-level sensory processes ('Steady state visual evoked potentials', Regan, 1966) , including their modulation by selective and spatial attention (e.g. Morgan et al., 1996; Mü ller and Hubner, 2002; Keil et al., 2005 Mü ller et al., 2006 . However, in recent years, changing high level visual properties at a periodic frequency rate and adapting this rate to the timeconstant of the process of interest has shown that this highly sensitive and objective approach can shed light on higher level brain functions, such as individual face perception (Rossion and Boremanse, 2011; Liu-Shuang et al., 2014) or lexical processing (Lochy et al., 2015) . Here we extend this FPVS-EEG paradigm a step further to capture VPT processes in the human brain.
More specifically, we designed a paradigm based on Figure  1 's display, in which we successively, rapidly (2.5 Hz) and continuously (i.e. for 84 s without interruption) presented visual scenes where the person faced an object. Every fifth stimulus, the person could not see the object. Participants were unaware of the ratio and periodic rate of the two types of visual scenes. We hypothesized to observe a differential EEG signal depending on whether the avatar could or could not see the object, i.e. a signal in the EEG spectrum corresponding exactly to the specific frequency at which the stimulus depicting a person who could not see the object was presented (i.e. 0.5-2.5 Hz/5). Furthermore, until now the scalp topography observed in studies using FVPS found activation on the occipital scalp region. However here, since previous studies highlighted the implication of parietal and frontal areas during VPT (e.g. McCleery et al., 2011; Schurz et al., 2015) , we expected to find a more anterior neural response than the one usually found with FPVS. Such unique scalp activation would support the great interest of extending the use of the FPVS technique to investigate high-level cognitive functions.
Materials and methods

Participants
Sixteen healthy volunteers (female: 14, mean age: 21 6 1.67, all right-handed) took part in the experiment in exchange of a small honorarium. The number of participants was decided on the basis of the number of participants recruited in the original study by Samson et al. (2010) and on the basis of a previous EEG study investigating explicit VPT (McCleery et al., 2011) . All participants gave written informed consent prior to the experiment and the experiment received the approval from the ethics committee of the Psychological Sciences Research Institute. All experiments were performed in accordance with relevant guidelines and regulations.
Stimuli
The stimuli were created with Adobe Photoshop CS6. Sixteen photographs of the profile view of student volunteers (eight females) were taken, which all gave informed consent for publication of identifying images. The picture of the person was cropped and placed in the middle of a room, with the left, back, and right walls visible. The vanishing point of the room was localized at the level of the person's head. Half of the stimuli depicted the person looking at the left wall and the other half of the stimuli depicted the person looking at the right wall ( Figure 1A ).
Twenty objects with high familiarity and low visual complexity ratings were selected from the Moreno-Martínez and Montotro (2012) database and were displayed on either the left or right side wall. Two different sets of stimuli were made. For the first set, the objects were always placed in front of the person either on the right or the left wall ( Figure 1A ). For those stimuli, the person and the participant saw the object (i.e. consistent perspective stimuli). For the second set of stimuli, the objects were always placed on the wall behind the person. Here, the person and the participant had a different visual experience because only the participant could see the object (i.e. inconsistent perspective stimuli). Each person and each object were presented a similar amount of time. The color of two objects (the dice and the sock) was changed to red. These two objects were the only red objects (the other colors of the objects were yellow, green, black, gray, etc.).
Without any object and person displayed in the room, the luminance of the right and left walls was 127 cd/m 2 , the luminance of the background wall was 199.55 cd/m 2 and the luminance of the floor was 117.37 cd/m 2 . The size of the room was approximately 16.1 horizontal by 12.9 vertical, all pictures were displayed on a light gray background (198/255, 198/255 and 198/255) , resulting in 641 3 480 pixel images (307 680 pixels). Note, however, that every displayed stimulus had a randomly varied image size (min: 227 683 pixels and max: 369 216 pixels) (see Supplementary Figure S1 for additional information about the size of the image).
Procedure
A stimulation sequence (or trial) consisted in a series of 235 pictures presented one after the other, at the relatively fast rate of 400 ms per picture (2.5 Hz; total trial duration: 94 s). We used slower frequency rate than generally used in previous studies because here, we investigated high-level cognitive function and assumed that stimuli need longer presentation to be processed. In the periodic stimulation condition, a trial consisted of a sequence composed of regular trains of four consistent perspective stimuli (C) followed by an inconsistent perspective stimulus (I) (i.e. CCCCICCCCICCCCI. . .). Hence, every fifth stimuli (i.e. 0.5 Hz), there was a change in perspective consistency. Critically, the side of the object (Right or Left, R or L)-and thus of the body orientation-was fully randomized, so that the inconsistent-consistent relationship concerned only the relationship between the person and the object (object seen vs unseen) (e.g. LC-RC-RC-LC-LI-RC-RC-RC-LC-RI-RC, etc.) (Figure 1 ). In the nonperiodic stimulation condition, a trial consisted of a sequence composed of the exact same stimuli but shown in an entirely random order. In total, the same amount of consistent/ inconsistent perspective stimuli were shown as in the periodic sequence (188 consistent perspective stimuli, 47 inconsistent perspective stimuli per trial). This control and nonperiodic sequence was used to ensure that any response of interest (0.5 Hz) was above noise level only due to the periodicity of the perspective change. There were 8 different person's identity (4 females) and 10 different objects plus the 2 red objects (sock and dice) within one stimulation sequence. Furthermore, there were always the same amount of images with a male and a female person and the same amount of persons looking at the left or to the right wall equally spread across the two sexes.
During EEG recording, participants were seated in a lightand sound-attenuated room, at a viewing distance of 80 cm from an LED monitor (BenQ XL2420T) with a 1920 Â 1080 resolution and a 120 Hz refresh rate. Stimuli were periodically presented through sinusoidal contrast modulation (Rossion and Boremanse, 2011 ) at a base frequency of 2.5 Hz (Figure 1) .
Each stimulation sequence started with the onset of a fixation cross. After a random time period of 2 to 5 s, the stimulation gradually (i.e. linearly) appeared and reached full contrast after 5 s (contrast increase; fade-in 5 s). After 84 s, the scene gradually disappeared (contrast decrease; fade-out 5 s). The fade-in and fade-out periods (e.g. Liu-Shuang et al., 2014) were used to prevent ocular artifacts and were not included in the analyses. In addition, to minimize low-level adaptation effects, every newly displayed stimulus had a randomly varied image size (min: 227 683 pixels and max: 369 216 pixels). The experiment started with one trial of periodic sequence and one trial of nonperiodic sequence (presented in counterbalanced order across participants) to practice the task before the EEG recording. Then, participants performed 16 test trials (8 periodic trials). Half of the participants started with a periodic trial and the other half started with a nonperiodic trial, and then we alternated trial by trial between these two conditions.
Participants received written instructions prior to the EEG experiment. They had to maintain fixation on the cross placed in the middle of the screen and had to respond by pressing the space bar as quickly and accuracy as possible. Their task was to detect the person viewing the red dice (12 targets per trial). They did not have to respond if the person saw any other object (including the red sock) or if the person could not see the red dice (because it was in his/her back). Thus, accurate performance in this task required detecting a specific visual experience of the person and the goal of this behavioral task was to ensure that participants maintained their attention to both stimuli throughout the trials. However, while participants had to monitor the other person's visual perspective to do the task, crucially, this task was not to respond whether the perspective was consistent or not. In both conditions (periodic and nonperiodic), stimuli depicting the person viewing the red dice were randomly inserted in the image sequences. Thus, correct behavioral responses (detecting the person viewing the red dice) were not periodic. Thereby, the EEG measure of interest was not concomitant with the motor response to the task instruction. A response was considered as correct if it was given within three standard deviations of the participant's mean RT.
EEG acquisition
EEG data were recorded using a 128 scalps channel at a sampling rate of 512 Hz with an ActiveTwoBiosemi electrode system (Biosemi, Amsterdam, Netherlands). Two additional electrodes, CMS (Common Mode Sense) and DRL (Driven Right Leg), were used as reference and ground. Each individual's electrode impedances were adjusted below 650 mV prior to recording by injecting the electrode with a conductive gel (Signa). Eye-movements were recorded by four additional electrooculograms around the subjects' eyes.
EEG preprocessing
Off-line analyses were performed with Letswave 5 (http://nocions. webnode.com/letswave) and Matlab 2012 (Math-Works, Natick, MA), similarly to previous FPVS studies that used this type of paradigm (e.g. Liu-Shuang et al., 2014). Individual EEG data were first bandpass filtered between 0.1 and 120 Hz (zero phase shift Butterworth filter, order 4). Then, we reduced the sampling rate down to 256 Hz to save space and processing time. Noisy channels containing deflections larger than 200 mV were interpolated by the nearest neighboring electrodes. In addition, one subject had only two ocular electrodes instead of four due to a technical problem during the setting up. EEG data were subsequently segmented for each trial, 2 s prior to the start of the trial plus 2 s after the end (-2 s to 96 s). Afterwards, a common average reference computation was applied to all channels excluding ocular channels for each subject independently.
Frequency-domain analyses
Frequency-domain analyses were performed to quantify the magnitude of the response of the overall FPVS responses in each stimulation condition (periodic and nonperiodic). For that, each epoch was segmented a second time, right after the end of the fade-in to the end of the trial just before the beginning of the fade-out (21 504 time bins in total ¼ 84 s). Then, the resulting segments were averaged separately for each participant and each periodic/nonperiodic trial. In addition, we also computed the grand average across participants and conditions. A fast Fourier transformation (FFT) was applied on the averaged segments to extract from the EEG signal, the amplitude spectra for each electrode. Thanks to the long-time windows (84 s), the frequency analysis yielded spectra with a high-frequency resolution (1/84 s, i.e. 0.0119 Hz) and allowed the unambiguous identification of the response at the exact frequencies of interest (i.e. 2.5 Hz for the base stimulation rate and 0.5 Hz for the perspective consistency discrimination response).
In order to correct for noise level for each participant's spectrum, at each frequency, we either subtracted (for baselinecorrected amplitude used for statistical analysis) or divided [for signal-to-noise ratio (SNR) used for the data visualization], the average voltage amplitude of the 10 surrounding bins (5 on each side, excluding the 2 immediately adjacent bins and the two extreme bins; e.g. Rossion et al., 2012; Dzhelyova and Rossion, 2014 ). Here we used only 10 surrounding bins instead of 20 in previous studies since our periodic response of interest at 0.5 Hz is surrounded by frequency bins in the lowest part of the EEG spectrum, characterized by a high level of noise. Z-scores were also calculated to assess the significance of the response at specific frequencies (e.g. 0.5 Hz, 1 Hz, 1.5 Hz, etc.) by computing the difference between amplitude at the frequencies of interest and the mean amplitude of the 10 surrounding bins (excluding the 2 immediately adjacent bins and the two extremes bins) and dividing this difference by the standard deviation of the 10 surrounding bins (Rossion et al., 2012) . For the group analyses, individual baseline-corrected amplitude and SNR spectra were averaged separately for each periodic/ nonperiodic trial per condition.
For further analysis, we determined a range of relevant harmonics (based on significant Z-scores) for each frequency based on the group-level data. Different regions-of-interest (ROIs) were also determined based on electrodes that showed a particularly large SNR on the average between periodic and nonperiodic trials.
Results
Behavioral data
All participants successfully performed the task (mean-¼ 89% 6 3.54; false alarm ¼ 14.08% 6 6.77; response time (RT) ¼ 0.60 s 6 0.044). There was no significant difference of RT (periodic: 0.60 s 6 0.046; nonperiodic: 0.60 s 6 0.043; t (15) 
EEG data
Discrimination between consistent and inconsistent perspectives. Inconsistent perspective stimuli correspond to images where the object was placed behind the person, so that the person could not see that object. In the periodic stimulation condition, these images were presented every fifth stimuli. Hence, neural discrimination between consistent and inconsistent perspectives should lead to a response at the exact periodic frequency of interest, which corresponds to 0.5 Hz (2.5 Hz/5) and to the harmonics in the EEG spectrum.
In order to determine the number of harmonics to take into account for further analysis, we pooled the 128 electrodes for each participant. We then computed the Z-score (computed as described above) for each harmonic on the grand averaged data across stimulation conditions (periodic and nonperiodic trials together). The highest significant harmonic was found at 3 Hz (sixth harmonic; threshold of significance placed at a Z-score of 1.65; P < 0.05, one-tailed, signal > noise).
We then cropped the grand average FFT spectrum, centered at the periodic frequency of interest (0.5, 1, 1.5, 2 and 3 Hz) with the 10 surrounded neighboring bins on each side. We excluded the fifth harmonic (2.5 Hz) because it corresponds to the base frequency rate. We summed the spectrum of the harmonics and their neighboring bins (Retter and Rossion, 2016) , and computed the SNR (Figure 2A) .
Based on the topographical map of the grand average of the combined (i.e. unbiased) periodic and nonperiodic conditions (Figure 2A ), we selected two ROIs for further analysis. The main ROI was defined by 15 contiguous channels in the centroparietal region (FCC1, FCC2, FCC1h, FCC2h, FCz, C1, C1h, C2, C2h, CCP1h, CCP2h, Cz, CCPz, CPz and CPPz), which were associated with the highest SNR on grand averaged data. Another ROI was defined by three channels in dorsolateral prefrontal region (AF8, F8 and FT8) associated with the highest SNR outside of the centro-parietal region.
As hypothesized, EEG spectra ( Figure 2B ) showed large and significant responses (based on the Z-score) at the frequency of interest and at its harmonics for each ROI, only in the periodic condition (see Supplementary Table S1 ). Note that the results of the quantification analysis were independent of the number of harmonics included in the analysis (Supplementary Figure S2) .
On one hand, we summed the spectrum of the harmonics and their neighboring bins and computed the SNR for the periodic and nonperiodic trials over the ROIs (see Supplementary Figure S3 ). The resulting Z-score were significant in the periodic trials only (one-tailed Z-score threshold set at 1.65, P < 0.05; frontal ROI: Z ¼ 7.59 vs Z ¼ -2.54 and centro-parietal ROI: Z ¼ 11.03 vs Z ¼ 0.03 for the periodic and nonperiodic trials, respectively).
On the other hand, we computed the baseline-corrected amplitude then summed the harmonics, and then we compared with one-sample t-test against 0 (i.e. noise level). t-Test showed a significant response only for the periodic condition (frontal ROI: t (15) ¼ 5. Individual analysis. To evaluate the sensitivity of our paradigm, we tested whether each individual participant showed a discrimination response between the consistent and inconsistent perspective. To do so, for each participant and over each ROI, we cropped the FFT spectrum, centered at the periodic frequency of interest (0.5, 1, 1.5, 2 and 3 Hz) with the 10 surrounded neighboring bins on each side. We summed the spectrum of the harmonics and their neighboring bins and computed the Z-scores and the SNR. The resulting Z-scores were significant in at least 1 of the 2 ROI for 14 participants of 16 (see Supplementary Table S2 ). Figure  3 shows an illustration of the individual results.
Base frequency analysis. As expected, we also found a response to the base frequency rate (i.e. the rate at which a new image was presented), merely reflecting the synchronization of the visual system to the visual stimulation. This response to the base frequency rate focused on medial occipital electrodes for both the periodic and nonperiodic trials (Supplementary Figure S4) .
There was no significant difference in the baseline-corrected amplitude across the two stimulation conditions (periodic and nonperiodic; Supplementary Figure S4 ). Since frequency-tagged EEG responses are highly sensitive to spatial and selective attention (Morgan et al., 1996; Mü ller and Hillyard, 2000; Andersen et al., 2008; Walter et al., 2012; Mü ller et al., 2006) , the absence of difference coupled with the equal behavioral performance suggest that participants paid equally attention to the stimuli in the two stimulation conditions.
Discussion
We found a neural signature at the exact frequency at which participants could witness the perspective of another person changing from being consistent with their perspective (the other person saw the object on the wall that participants could also see) to becoming inconsistent (the other person could not see the object that participants could see). This EEG response was clear (i.e. well above noise level) and objective (i.e. occurring exactly at a frequency defined by the experimental design), and was significant in virtually all individual participants tested in the study. This process was measured at a relatively fast rate (i.e. every 2 s, with 400 ms/ image) and, crucially, was not contaminated by a motor response. Since participants were explicitly asked to judge the avatar visual perspective throughout the experiment, the EEG measure reflects explicit perspective taking processes.
Besides a robust group effect, the responses were significant and easily quantifiable for most individual participants. The strength of the FPVS response may however vary according to factors (such as personality traits or clinical features) known to affect interindividual variability in perspective taking. This is an avenue for further investigation as FPVS may provide a more ecological and sensitive measure to capture such variability.
Virtually all EEG responses recorded so far in this type of fast periodic 'oddball' paradigm were localized over occipital and ventral occipito-temporal brain regions, reflecting the differential process of objects, faces, letters or words (e.g. Liu-Shuang et al., 2014; Dzhelyova et al., 2015; Lochy et al., 2015) . In contrast, the VPT neural response was found here over central and right prefrontal electrode sites. These scalp localizations are fully compatible with the known neurofunctional basis of VPT processing. The central topography may be due to processes generated in temporo-parietal brain areas, involved in the representation of the other person's perspective (Aichhorn et al., 2006; Van Overwalle, 2009; McCleery et al., 2011) . Previous studies have also pointed to a role of the right prefrontal cortex in inhibiting our own point of view to allow the selection of the other person's perspective when both perspectives are in conflict (Vogeley et al., 2001; Samson et al., 2005; McCleery et al., 2011; Shibata and Inui, 2011; Hartwright et al., 2015) . However, a strong word of caution is required here as EEG alone is not suitable to make strong brain localization claims. Nevertheless, it is particularly interesting that the extension of the FPVS-EEG approach to higher-level cognitive processes reveals relatively anteriorly located responses on the scalp.
The current results do not inform about the nature of the information processed, and more specifically at which stage the information processed conforms to someone's mental state (e.g. the person can or cannot see the object). It is possible that at early stages of processing, only the spatial link between the other person and the object is computed and triggers a shift of attention to the object in front of the person. Future studies could address this issue with the FPVS-EEG approach by using obstacles in the other person's line of sight, similarly to what has been done in previous behavioral studies (Baker et al., 2015; Cole et al., 2016; Furlanetto et al., 2016) .
More generally, our study opens new ways to explore the neural basis of perspective taking in social cognition (Frith and Frith, 2007) . For example, whether implicit and explicit perspective taking share the same type of processes is a highly debated question (Apperly and Butterfill, 2009; Heyes, 2014; Bardi et al., 2016; Biervoye et al., 2016; Grosse Wiesmann et al., 2017) . FPVS responses could be compared in the presence vs absence of explicit perspective taking instructions (without the need to change the nature of the stimuli) to provide further insights into this debate: will there be differences in terms of the strength of the EEG signal or is the topography on the scalp different? Furthermore, should future results show the presence Fig. 3 . Illustration of individual participants' SNR response to changes of perspective consistency over one electrode belonging to one ROI. The spectrum is centered at the response of the summed of the five significant harmonics, surrounded by the summed of the neighboring bins, which indicate noise levels (for visibility only the five neighboring bins on each side are shown).
of a FPVS response even in the absence of explicit instructions, this could provide a powerful measure to investigate perspective taking in infants (see for example FPVS responses to faces in infants, de Heering and , nonhumans, perhaps even allow cross-ages or cross-species comparisons. Indeed, the strength of the technique relies in the fact that it only requires watching a train of images.
